Background: Identifying potentially modifiable risk factors for medication non-adherence in older adults is important in order to enhance screening and intervention efforts designed to improve medication-taking behavior and health outcomes. The current study sought to determine the unique contribution of prospective memory (PM) (i.e. 'remembering to remember') to successful self-reported medication management in older adults. Methods: Sixty-five older adults with current medication prescriptions completed a comprehensive research evaluation of sociodemographic, psychiatric, and neurocognitive functioning, which included the memory for adherence to medication scale (MAMS), prospective and retrospective memory questionnaire (PRMQ), and a performance-based measure of PM that measured both semantically related and semantically unrelated cue-intention (i.e. when-what) pairings. Results: A series of hierarchical regressions controlling for biopsychosocial, other neurocognitive, and medication-related factors showed that elevated complaints on the PM scale of the PRMQ and worse performance on an objective semantically unrelated event-based PM task were independent predictors of poorer medication adherence as measured by the MAMS. Conclusions: PM plays an important role in self-report of successful medication management among older adults. Findings may have implications for screening for older individuals 'at risk' of non-adherence, as well as the development of PMbased interventions to improve medication adherence and, ultimately, long-term health outcomes in older adults.
Introduction
It has been estimated that 26%-75% of older adults do not fully adhere to their prescribed medication regimens (e.g. Murray et al., 2004) , and errors often involve missed doses, duplicate doses, and/or incorrect dose quantities (e.g. Park et al., 1999) . While there is evidence that older adults generally display better adherence than younger adults at a population level (e.g. Hinkin et al., 2004) , older adults are nevertheless particularly vulnerable to serious mental and physical consequences of non-adherence (Park et al., 1999) that can lead to suboptimal long-term health outcomes. Accordingly, identifying potentially modifiable risk factors for non-adherence in older adults is important in order to enhance screening and intervention efforts designed to improve medication-taking behavior, and subsequently maximize the effectiveness of pharmacotherapies and reduce health-related burdens on the individual, care providers, and the healthcare system. To date, notable risk factors for medication non-adherence among older adults have included older age, lower socioeconomic status, health illiteracy, greater regimen complexity, limited use of compensatory strategies, and depression (e.g. Gellad, Grenard, & Marcum, 2011) .
Neurocognitive impairment is also a recognized risk factor for medication non-adherence among older adults.
In fact, reciprocal effects can also be observed such that neurocognitive impairments reduce adherence, which can lead to greater neurocognitive impairment and consequently a further reduction in adherence (Albert et al., 1999) . Park (1992) proposed an elegant conceptual model specific to the role of neurocognitive functions in successful medication adherence: the first step requires comprehension of the medication information on the pill bottle/ pamphlet (e.g. health literacy). Working memory is required to transfer data from pill bottle labels, which then requires aspects of executive functions to organize and form a plan to take the medications as prescribed. Prospective memory (PM) is then necessary to remember to act on the previously made plan at the proper time. The cue to act on the plan could be either time based, such as remembering to take a pill at 6:00 pm, or event based, such as taking a pill with dinner. Finally, retrospective memory is required to recall the medication dosing times and medication dosing instructions such as 'take with food' (Park, 1992) . Although these processes are initially highly cognitively complex, medication-taking behavior can become quite habitual and routinized over time. This model has been widely adopted in the literature, with several studies showing that lower scores on measures of crystallized knowledge, working memory, executive functions, and retrospective memory are at least modestly related to medication non-adherence among older adults (e.g. Park, Willis, Morrow, & Diehl, 1994) .
Far fewer studies, however, have specifically examined the role of PM, or 'remembering to remember' in the medication adherence of older adults. PM describes the complex neurocognitive process of successfully executing a future intention, and while it comprised a constellation of familiar cognitive constructs, such as retrospective memory and aspects of executive functions (e.g. planning and set shifting), PM is nevertheless considered to be greater than the sum of its individual cognitive parts in much the same way that executive functions may be distinguished from its component processes (e.g. attention, speed). Indeed, PM is dissociable from these other aspects of neurocognition at the neurobehavioral, neurobiological, and functional levels (e.g. Gupta et al., 2010) . For example, it has been shown that retrospective memory is a necessary, but not sufficient aspect of PM; that is, one may accurately recall their original intention (e.g. to take a medication before going to bed) but still fail to actually complete the intended action. PM involves encoding and planning the 'what' and 'when' of the cue-intention pairing (e.g. taking dose of a medication before bed), monitoring one's environment to detect the proper cue for action (e.g. bedtime), disengagement from ongoing activities (e.g. brushing one's teeth) to recall the specific intention (e.g. name and dose of medication), and then accurately executing the intention (i.e. taking the medication as prescribed). PM is supported by the prefrontal cortex, particularly Brodmann's area 10 (e.g. Burgess, Gonen-Yaacovi, & Volle, 2011) , as well as medial temporal structures (Gordon, Shelton, Bugg, McDaniel, & Head, 2011) and, accordingly, is subject to moderate decline with aging (Einstein & McDaniel, 1990) . Age effects on PM are particularly pronounced when the demands on self-initiated executive control processes are increased, for example time-based (i.e. the cue is based on the passage of time) and non-focal event-based (i.e. the cue is an external event that is not central to the ongoing task or focus of attention) tasks that require active monitoring resources (e.g. McDaniel & Einstein, 2007) . PM is of direct relevance to real-world functioning, as several studies now show that older adults with weaker event-based PM are at increased risk of everyday memory failures (e.g. Tam & Schmitter-Edgecombe, 2013) and dependence in activities of daily living (e.g. Woods, Weinborn, Velnoweth, Rooney, & Bucks, 2012) .
Recent data in various clinical populations suggest that PM plays a critical role in successful medication adherence. Studies in HIV infection, for example, show that deficits in the strategic aspects of PM are associated with a nearly sixfold increased risk of non-adherence to antiretroviral medications (e.g. Woods et al., 2009 ). Non-adherence may be particularly pronounced for individuals with deficits in strategic cue monitoring over longer delays between encoding and retrieval of the intention (Poquette et al., 2013) . Importantly, the relationship between PM and nonadherence is independent of established risk factors, including demographics, psychiatric distress, illness severity, medication-related factors, and other aspects of neurocognitive functioning, including delayed retrospective memory and executive functions (see Zogg, Woods, Sauceda, Weibe, & Simone, 2012 for a review).
To date, however, we are aware of only a small number of studies to have examined PM and medication adherence in older adults. In 2004, Vedhara et al. reported an association between habitual PM (i.e. a task on which the intended action is performed on a routine or systematic basis; Einstein, McDaniel, Smith, & Shaw, 1998) and medication adherence in older adults with Type 2 diabetes. In healthy older adults, McDonald-Miszczak et al. found that event-based PM was associated with objective, but not self-report medication adherence. Most recently, Pirogovsky, Woods, Vincent Filoteo, and Gilbert (2012) showed that poorer performance on a well-validated, nonfocal event-based PM task and higher self-reported PM complaints were moderately correlated with self-reported medication mismanagement (but not performance-based medication management capacity) in a small sample of older adults in the United States. A notable limitation of these prior studies is that the incremental value of prospective as a marker of non-adherence relative to other established predictors (e.g. retrospective memory and depressed mood) was not considered.
The primary aim of the current study was to extend this prior literature to determine the unique contribution of performance-based and self-reported PM in the selfreported medication adherence of older adults relative to biopsychosocial, neurocognitive, and medication-related factors. In addition, we were interested in determining the contribution of strategic, event-based PM processing in medication adherence among older adults. Our approach was rooted in McDaniel and Einstein's (2000) multiprocess theory, which posits that the specific parameters of the event-based PM cues may levy varying demands on ongoing cognitive resources and thereby influence performance. In this case, we focused our attention on the degree of semantic relatedness between the intention (i.e. 'what') and cue (i.e. 'when'). Prior research shows that semantically unrelated cue-intention pairings (e.g. remembering to take a medication that must be ingested with food before bed) place greater demands on strategic encoding and retrieval processes than do semantically linked cue-intention pairings (e.g. remembering to take that same medication after dinner), which rely more so on automatic-associative memory (e.g. McDaniel, Robinson-Riegler, & Einstein, 1998) . We hypothesized that older adults' medication adherence would be independently reliant on PM, particularly under conditions of increased strategic encoding and retrieval demands (i.e. when the cue is not semantically related to the intended action).
Method Participants
Participants were 65 community-dwelling older adults recruited via flyers and word-of-mouth. Participants were between 55 and 90 years of age and had a variety of mild, chronic, neuromedical conditions common amongst older adults (e.g. hypertension, diabetes, high cholesterol) and were included in the present study if they were prescribed at least one medication with a daily dosing schedule. Participants were excluded if they scored less than 25 on the mini-mental state examination (MMSE; Folstein, Folstein, & McHugh, 1975) or reported a history of significant neurological (e.g. traumatic brain injury, stroke, seizure disorder, Parkinson's disease) or psychiatric (schizophrenia, bipolar disorder) conditions. Basic descriptive data regarding the biopsychosocial, neurocognitive, and medication-related characteristics of the sample are provided in Table 1 .
The study procedures were approved by the human subjects board at the University of Western Australia, and written informed consent was obtained from all participants. Fifteen dollars was offered to defray travel expenses.
Medication-related measures
The primary criterion of interest was self-reported memory-related problems with medication adherence.
A 10-item memory for adherence to medication scale (MAMS) was constructed by adapting the 7 items comprising the cognitive subscale of the adherence attitude inventory (AAI-C; Lewis & Abell, 2002) , to which we added three items in order to provide a broader range of conceptual coverage and evaluate specific problems not assessed by this questionnaire. These included problems with taking medications at the right time and correct dose, as well as problems with adherence over the preceding week. Descriptive information for the individual items of the MAMS is provided in Table 2 . The seven items of the AAI-C, and the newly developed item of adherence difficulties over the last week were answered on a 7-point scale (1 ¼ problems none of the time, 7 ¼ problems all of the time), the two new questions specific to timing and dosage problems were answered on a 6-point scale (1 ¼ problems never, 6 ¼ problems always). To place all items on the same scale, sample-based Z-scores for each item were calculated and averaged. The standardized MAMS produced excellent reliability (Cronbach's alpha ¼ .87), with higher scores indicating poorer medication adherence. Evidence of the MAMS' construct validity was In addition to the above measures, participants reported their current medication regimen (most participants brought their medications to the study appointment), including number of pills taken per day for each medication, as well as any strategies used to improve their adherence (e.g. pill organizers). Participants also completed the medication management ability assessment (MMAA; Patterson et al., 2002) , an objective, well-validated measure of ability to follow a series of medication instructions, role-played as if taking the required medications over the course of a day.
Prospective memory measures
Objective PM was measured with a task adapted from the event-based portion of the abbreviated assessment of intentional memory (AAIM, Gupta et al., 2010; Woods et al., 2010) . Specifically, a series of color drawings of common objects (e.g. airplane, bed) served as eventbased cues for eight tasks evenly divided between semantically related (e.g. saying 'sit' when presented with a picture of a dog) and unrelated (snapping their fingers when presented with a picture of a cow) cueintention pairs. Each set of four semantically related and unrelated PM tasks was further balanced with equal (i.e. two) numbers of items with short (2 min) and long (15 min) delays as well as action versus verbal requirements for response. The four semantically unrelated items were taken from the AAIM, and four semantically related items were generated for the current study. Participants completed these tasks while concurrently completing an engaging ongoing task (a word search puzzle), and received 2 points if they made the correct response after the correct cue. They received 1 point if they made a valid response after the wrong event-based cue, or an invalid or partially correct response at the correct event cue. All other responses scored 0. Scores were added together to create semantically related (semantically related PM) and semantically unrelated (semantically unrelated PM) subscales (scores range from 0 to 8). Three types of errors were recorded: omission (i.e. no response), task substitution (e.g. enacting a partially or completely incorrect intention), and loss of content (recognizing that a response is required, but being unable to retrieve the response) errors. Retrospective-free, cued and recognition recall for the picture and/ or intentions were assessed after the PM component of the task was completed. Participants were first asked spontaneously to recall as many cue-intention pairs as possible and received 1 point for every correctly recalled cue (picture) and intention regardless of whether they were recalled together accurately, for a maximum of 8 points each. For any intentions not spontaneously recalled, cued recall was administered by providing the name of the object in the picture cue, and prompting for recall of the intention paired with that cue. Participants were credited for items spontaneously recalled prior to the cued recall subtest, and subsequently the maximum for the cued recall subscale was also 8. Finally, an 8-item (for intentions only) multiple-choice post-test recognition questionnaire was administered.
Self-reported prospective and retrospective memory complaints were assessed with the well-validated 16-item prospective and retrospective memory questionnaire (PRMQ; Crawford, Smith, Maylor, Della Sala, & Logie, 2003) . This scale uses a 5-point response scale (1 ¼ never, 5 ¼ very often) with 8 items assessing the frequency of retrospective memory (RM scale) lapses, and 8 items assessing the frequency of PM (PM scale) lapses (range ¼ 0-40). These two scales can be further divided into selfcued or environmentally cued memory problems (range ¼ 0-20). Note that the PRMQ contains only one item (#3) that uses pill taking as one of two examples of a broader question regarding short-term environmentally cued PM problems in daily life. 
Item
Mean (SD) Range
(1) How much difficulty do you typically have taking the medications at the time prescribed (that is, within 30 minutes of the correct time)?
2.3 (1.1) 1-6
(2) How much difficulty do you have taking your medications in exactly the correct amount/dose prescribed (that is, too many or too few pills)?
1.2 (0.5) 1-3
(3) Overall, how much difficulty did you have in the PAST WEEK with taking your medication? 1.2 (0.8) 1-5 (4)
In the afternoon, I have a hard time remembering if I took my early dose of medication. 1.4 (0.9) 1-6 (5) I have forgotten whether I took my medication, even while I am in the middle of doing it. 1.1 (0.7) 1-6 (6) I often have trouble remembering to get refills for my medication on time.
1.4 (0.9) 1-6 (7)
I forget to talk to my medical provider about side effects of my medication. 1.4 (1.0) 1-6 (8)
Even though I want to take my medication, I just forget to take it. 1.5 (1.2) 1-7 (9) I lose track of time, and I have to take my medication late or not at all. 1.7 (1.3) 1-7 (10) I have a hard time remembering to take my medication with me when I leave home. 1.5 (1.1) 1-6
Note: Higher scores reflect greater levels of medication related difficulties.
Other neuropsychological measures
General cognitive function was assessed with the MMSE (Folstein et al., 1975) . The trail making test (Reitan & Wolfson, 1985) was administered to assess set-shifting ability, the executive clock drawing task (CLOX; Royall, Cordes, & Polk, 1998 ) assessed planning (scored as CLOX part 2 À CLOX part 1), and the action fluency test (Woods et al., 2005) assessed verbal generativity. Sample-based Z-scores were calculated for each measure and then averaged to produce an executive domain score, with positive scores indicative of better ability. Verbal working memory and attention were assessed with the digit span subtest of the Wechsler adult intelligence scale -third edition (WAIS-III; Psychological Corporation, 1997). Retrospective memory was assessed with the delayed story memory and figure recall subtests of the repeatable battery for the assessment of neuropsychological status-form A (RBANS; Randolph, Tierney, Mohr, & Chase, 1998) . Sample-based Z-scores were calculated for these two measures and averaged to provide a retrospective delayed recall domain score with higher scores reflecting better ability. Note that, no participant fell more than 2 SD below the published normative mean on the RBANS total score.
Mood and demographic information
Depression was assessed with the geriatric depression scale-15 item version (GDS-15; Sheikh & Yesavage, 1986) and anxiety was assessed with the geriatric anxiety inventory (GAI; Pachana et al., 2007) . Sample-based Zscores were calculated for each measure and then averaged to produce a single mood score, with higher scores suggesting greater levels of affective distress. The Australian version of the national adult reading test (AUSNART; Hennessy & MacKenzie, 1995) was administered to estimate premorbid intelligence. Total errors on the AUS-NART reading task were converted to predicted WAIS-III verbal IQ scores using a regression equation that incorporated age, education, and gender (Sullivan, Senior, & Hennessy, 2000) . Finally, a demographic and medical history questionnaire was administered to collect educational history, age, gender, and relevant medical history (i.e. number and types of chronic medical and psychiatric conditions).
Results
The results of three hypothesis-driven hierarchical linear regressions concurrently predicting the MAMS from the semantically unrelated PM, semantically related PM, and PRMQ-PM are displayed in Table 3 . We accounted for the influence of (1) biopsychosocial factors (i.e. age, estimated cognitive reserve as measured by the AUSNART, mood, and number of neuromedical conditions); (2) other neurocognitive abilities (i.e. MMSE, RBANS delayed memory, digit span, executive functions Z-score, and PRMQ-RM); and (3) medication-related factors (i.e. dose burden, strategy use, MMAA total, and MAQ-purposeful non-adherence subscale), respectively, in the first step of the models. The subsequent inclusion of the three prospective memory variables significantly increased the amount of MAMS variance explained (p < .01). In all three regressions, semantically unrelated PM (p < .05) and PRMQ-PM (p < .01) each independently accounted for significant variance in MAMS, whereas semantically related PM did not (p > .20) . Although some of the study variables were non-normally distributed (e.g. semantically related PM), a review of the regression residuals revealed no serious departures from normality. Next, we aimed to determine the cognitive architecture of event-based PM's contribution to MAMS by conducting correlations with the components (e.g. subscales and error types) of semantically unrelated PM and PRMQ-PM. Given the non-normal distributions of many of the semantically unrelated PM component variables (e.g. recognition), we used Spearman's rho across these analyses for consistency. As shown in Table 4 , MAMS was significantly correlated in the expected directions with semantically unrelated PM 2-and 15-min subscales, task substitution (i.e. intrusion) errors, and recognition post-test (p < .05), as well as at a trend-level with both free and cued recall (p < .10). MAMS was also associated with both the self and environmentally cued subscales of the PRMQ-PM (p < .01). No other notable correlations between MAMS and PM variables emerged (p > .10).
Discussion
Ensuring adequate adherence to prescribed medication regimens among older adults is a major personal and public health challenge. The current study adds to our understanding of this complex clinical phenomenon by demonstrating a unique role for 'remembering to remember' in older adults' ability to successfully follow their, often times complex, medication regimens. Specifically, better objective event-based PM performance and lower self-reported PM complaints were identified as independent predictors of self-perceived medication management success in 65 older Australians. Findings are consistent with those reported by Pirogovsky et al. (2012) , who showed that higher PM complaints and lower eventbased PM scores were related to poorer self-reported medication management at the univariate level in a small US sample of older adults. A noteworthy expansion of this prior study (as well as the studies from Vedhara et al. (2004) and McDonald-Miszczak, Neupert, and Gutman (2009) ), therefore, is that in the current investigation, PM demonstrated added value in its concurrent prediction of medication management by accounting for variance above and beyond established biopsychosocial (e.g. demographics, mood) and medication-related factors (e.g. pill burden, medication management skills). Consistent with the predictions of the Park (1992) model, PM's association with medication adherence was also clearly independent of other neurocognitive functions, with which it shares some features relevant to adherence, such as delayed retrospective memory, attention and working memory, and executive functions (i.e. generativity, cognitive flexibility, and planning).
The present data also extend our understanding of the cognitive architecture of event-based PM in the context of adherence. In particular, these data illustrate that the strategic (i.e. executively demanding) aspects of event-based PM play a particularly important role in the medication adherence success of older adults. The sensitivity of medication adherence to alterations in strategically demanding event-based PM is also in accordance with prior work showing that time-based PM (Woods et al., 2009 ) and, particularly, long-delayed time-based PM (Poquette et al., 2013) , was associated with electronic monitoring of antiretroviral adherence in HIV infection. Consistent with multiprocess theory (McDaniel & Einstein, 2000) , the semantic-relatedness of the cue-intention (i.e. 'whatwhen') pairing was an important determinant of the relationship between event-based PM and adherence; specifically, trials with lower levels of cue-intention semantic-relatedness (e.g. 'When I show you a picture of a cow, snap your fingers') were more strongly associated with poorer medication adherence compared to trials with higher levels of relatedness (e.g. 'When I show you a picture of a dog, say "Sit!"'). Prior research shows that executing a future intention when the cue is unrelated to the intended action requires greater executive control (i.e. planning, cognitive flexibility) and is sensitive to the effects of aging (Cohen, West, & Craik, 2001) and other conditions in which the frontal systems are affected . Basic research shows that minimally related cue-intention pairings are more vulnerable to increased attention allocation demands in healthy adults (Loft & Yeo, 2007; McDaniel, Guynn, Einstein, & Breneiser, 2004) . Indeed, it is now clear that overall PM performance, including accuracy and reaction times, is markedly enhanced when the cue and intention are highly semantically related (e.g. Loft & Yeo, 2007; McDaniel et al., 1998) , as was shown here in Table 1 . When paired with the findings from the present study, these data suggest that increasing the relatedness of the cues (e.g. timing, location, supporting materials) and intention to take one's medications as prescribed may provide support to improve adherence in older adults. Indeed, PM-focused interventions to improve medication adherence in older adults are presently being developed for clinical trials (see Insel, Einstein, Morrow, & Hepworth, 2012) . Analysis of event-based PM subscales and error types also revealed important details about the cognitive architecture that supports medication adherence in older adults. The findings of increased task substitution (i.e. intrusion) errors and diminished post-test recognition, along with trend-level findings for free and cued post-test recall deficits suggest that encoding and online retrieval of the retrospective memory aspect of PM may be of particular relevance. In other words, the process of quickly and effectively linking the semantically unrelated intention appears to have malfunctioned at initial acquisition phase and, therefore, was not available to retrieve in response to the proper cue during task performance (i.e. elevated intrusion errors) or even under more structured multichoice recognition trials at post-test. That these effects were independent of delayed retrospective memory supports the interpretation that the findings are specific to the retrospective memory operations of PM. In fact, a posthoc analysis showed that the semantically unrelated PM score was the sole predictor of MAMS (B ¼ À.20 [À.03, À.36], p ¼ .02) in a model that also included free recall and recognition (adj R 2 ¼ .09, p ¼ .04). Moreover, the semantically unrelated PM score showed only very modest correlations with the PRMQ-RM and RBANS memory scores (rs ranged from .20 to .29). Interestingly, a recent study from our group showed a similar profile in which the retrospective aspect of PM was a unique predictor of independence in activities of daily living among a separate sample of older adults .
Nevertheless, our use of clinical tasks does not allow us to definitively rule out the possibility that the findings simply reflect a pure failure of retrospective memory, which we noted in the 'Introduction' section is a necessary but not sufficient component of successful PM. Future studies may wish to examine other manipulations of the retrospective aspect of prospective, including overall retrospective memory burden (e.g. the number of intentions to be enacted), perhaps along with strategies to improve strategic encoding that may enhance the accuracy of intention execution, such as self-generation, imagery, and spaced retrieval (e.g. Insel et al., 2012) .
A few limitations to the conclusions that may be drawn from this study deserve highlighting. One of the primary limitations of this study is its use of a novel, selfreport measure of medication management (i.e. MAMS). Although there are no widely agreed upon gold standards for adherence (Osterberg & Blaschke, 2005) , it is generally held that self-report measures are subject to response bias and undue influence of mood as compared to other more objective approaches to measuring adherence. Thus, while the MAMS showed strong internal consistency and convergent validity with other indicators of medication adherence, future studies may wish to examine the association between PM and adherence using other established behavioral (e.g. medication event monitoring), biological (e.g. pharmacokinetic), or manifest (e.g. pill count) approaches. Another notable limitation is the restricted range on the semantically related PM scale and MAMS. Specifically, possible ceiling effects in a healthy, cognitively normal sample may have introduced psychometric challenges that precluded the detection of significant associations with MAMS, as has been observed in prior studies using similar measures of event-based PM (e.g. Woods et al., 2010) . Expanding the ceiling of the semantically related PM scale, perhaps by increasing the difficulty level of the cue-intention pairings, could enhance its psychometric comparability to the semantically unrelated PM scale, as well as its sensitivity to non-adherence. It is also possible that this scale has better distributional properties and enhanced sensitivity in neuropsychologically impaired clinical samples (e.g. Alzheimer's disease). Another psychometric issue is the fact that both the PRMQ and MAMS are self-report measures, so the strength of their association may be inflated by shared method variance, although it deserves mention that the MAMS was not significantly associated with other selfreport measures administered in this study. Psychometric limitations aside, the MAMS was nevertheless significantly associated with several clinicodemographic variables in the expected direction in this study, thereby supporting its construct validity. Finally, the predictive clinical value of these findings is limited by the crosssectional nature of the study design. Despite these limitations, findings from the current study suggest that PM plays an important role in successful medication adherence among older adults and may have implications for screening for individuals 'at risk' of non-adherence and the development of PM-based interventions to improve medication adherence and ultimately long-term health outcomes in older adults.
